This paper describes the placement of a crosslinking agent (dibromobimane) between two thiols (Cys-522 and Cys-707) of a fragment, ''S1,'' of the motor protein, myosin. It turns out that fastening the first anchor of the crosslinker is easy and rapid, but fastening the second anchor (Cys-522) is very temperature dependent, taking 30 min at room temperature but about a week on ice. Moreover, crystallography taken at 4°C would seem to predict that the linkage is impossible, because the span of the crosslinking agent is much less than the interthiol distance. The simplest resolution of this seeming paradox is that structural fluctuations of the protein render the linkage increasingly likely as the temperature increases. Also, measurements of the affinity of MgADP for the protein, as well as the magnetic resonance of the P-atoms of the ADP once emplaced, suggest that binding the first reagent anchor to Cys-707 initiates an influence that travels to the rather distant ADP-binding site, and it is speculated what this ''path of influence'' might be.
S
ome years ago, we reported on the possibility of emplacing a new intramolecular crosslink in myosin S1 (1, 2) by using a then newly invented reagent, dibromobimane (3) . Extending this work has now led to results of interest beyond the original objective. Our early work, based on identifying N-terminal end groups, indicated that CNBr cutting generated an H-shaped fragment whose ''crossbar'' is a dibromobimane joining Cys-522 and Cys-707. In the present work, this identification is strengthened by amino acid sequencing from Phe-496 to Glu-509 (interrupted by Trp-510) and from Glu-687 to Leu-711, further establishing the identity of the two cited cysteines. It was noted by Burke (4) that, although he could confirm the 522-707 crosslink at room temperature, the link appeared impossible at 0°C. His observation stimulated us to study the temperature dependence of the crosslinking. As we report here, the reaction with Cys-707 is rapid and depends little on temperature, but the subsequent crosslinking with Cys-522, achievable within 30 min at 25°C, requires a week at 0°C. Crystallography (5, 6) corresponding to near 0°C (as do all current images of S1) indicates an observable interthiol separation of about 23.49 A, compared with the 8-Å length of bimane (the next Cys in the sequence is even farther, at 41.85 Å). This suggests that, after anchoring at Cys-707, the yet unreacted function of dibromobimane and Cys-522 may engage in a slow temperature-dependent search for one another or else are brought together by a structural transition not evident in 4°C images. Although measurements of the ADP-S1 affinity with native S1 conform with the classic LoweyLuck (7) measurements on intact myosin, it is clear that the affinities are about one-third less with crosslinked S1, or with S1 reacted with monobromobimane (which reacts only Cys-707). Additionally, attaching either bimane alters the nuclear magnetic resonance arising in the P-atoms of the bound ␤-phosphate. These somewhat disparate observations nevertheless flow together into certain useful conclusions.
Establishing the Primary Sequence Environment of the Bimane-
Induced Crosslink Between Cys-522 and Cys-707. As reported (1, 2) , the easily induced (at 25°C) dibromobimane crosslink joining the 50-kDa and 20-kDa domains of myosin S1 appeared to be between Cys-522 and Cys-707 of rabbit myosin S1. By using the rabbit amino acid sequence information available at the time, it was expected that after CNBr treatment, the H-shaped fluorescent dibromobimane fragment would be bounded by four endsPhe-496 through Met-530 from the 50-kDa strand and Glu-687 through Met-778 from the 20-kDa strand. The theoretical average mass to be expected for the isolated fragment is 14,536 g⅐mol
Ϫ1
. The expected N-end groups were actually found (2) . At position 517, the sequence gave the option of Met or Glu (presumably resulting from two isoforms). Because of the large size of the fluorescent fragment, the Glu option was strongly preferred. Very recently, K. Maeda has reported (8) a DNAbased rabbit sequence containing Met-517 but points out (personal communication) that at least one other distinct isoform exists. The present work reports sequencing results suggesting that, in our case, 517 is a Glu or a noncleavable Met.
Materials and Methods.
Crosslinking of S1 with dibromobimane was performed at 25°C for 2 hr by using 4ϫ excess of reagent (see ref.
3 for details). The linked material, rid of excess reagent, was dialyzed against distilled water and lyophilized. Overnight, at room temperature, such material was cleaved in 70% formic acid, by using 100ϫ excess of CNBr over methionine content. Formic acid was flushed out by N 2 gas, and the residue was dissolved in 1% SDS͞5% 2-mercaptoethanol, pH 8. Crosslinked fragments were separated on polyacrylamide͞0.l% SDS containing 8 M urea. The fluorescent band, of about 15 kDa, derived from the crosslinked part of S1, was cut off from the remaining gel under UV light. The crosslinked fragment was eluted from the gel by electrophoresis, dialyzed against 0.1% SDS, and lyophilized. The dried sample was redissolved in 2% SDS͞8 M urea͞5% 2-mercaptoethanol͞10% ethanol, pH 6.8. Fragments so separated were transferred to polyvinylidenedifluoride membranes. Protein bands were visualized by staining with Coomassie brilliant blue and analyzed with a Perkin-Elmer Applied Biosystems Model 473A protein sequencer, yielding (from the N-end) the sequence FVLEQEEYKKEGIEW for the strand from the 50-kDa domain and the sequence EHELVLHQLRC-NGVLEGIRICRKGL for the strand from the 20-kDa domain. The presence of W-510 in the former sequence frustrates further sequencing along the strand and thus direct identification of position 517 as a noncleavable E or a cleavable M. However, it follows from the facts (i) dibromobimane crosslinking joins two distinct entities (50 kDa and 20 kDa); joining is signaled in electrophoresis by the appearance of a new band migrating as 105 kDa; (ii) the joined structure contains the two cited se-quences; and (iii) of all the thiols of myosin S1, C-707, in the sequence from 20 kDa, is by far the most reactive and thus occupies one function of DBB, that the thiol nearest and most likely to occupy the other function of the dibromobimane crosslinker is Cys-522. Nevertheless, there are additional matters to note. As discussed in Section 2, the 4°C crystallography (8) indicates that two more distant and poorly oriented thiols, Cys-479 and Cys-540, are in the neighborhood. Were the second function of dibromobimane attached to Cys-540, i-iii could still apply, but cleavage at M-530 would have to be ignored, and the resulting expected mass of the fragment would have to be 1,270 g⅐mol Ϫ1 greater. Cys-479 had not been found in the original sequence; were it the anchor of the second function, the N-end groups of the resulting would not be those required by ii. Finally, were 517 a slowly cleavable M, it might shed a 22-residue fragment (496-517); we have sought such a fragment but have never found it. Therefore, we proceed on the assumption that dibromobimane crosslinks Cys-522 and Cys-707.
It should be noted that dibromobimane, like N-ethylmaleimide, but not like iodoacetamide, reacts Cys-707 rapidly; its reaction with Cys-522 is very specific, much more so than is that of reagents like iodoacetamide, 1,5-IAEDANS, or monobromobimane.
Computer Modeling Associated with Dibromobimane Crosslinking.
The pioneering crystallography of Rayment and associates (5), and more recently the studies of Cohen and associates (6), have enabled exploration of systems and problems such as our present concern. From significant homologies (9), it has become evident that findings obtained in one system can be reasonably transferred (albeit tentatively) to another evolutionarily distant system. Here we transfer S1 information obtained in chicken and Dictyostelium to rabbit, which has never been studied crystallographically. On the other hand, because of experiments to be described next (Section 3), we are circumspect about extrapolating information obtained crystallographically at low temperature, say 4°C, to structural expectations at, say, 25°C, even though for now we can do little else. 3 . Environment of bound ADP and emplaced dibromobimane. Except for select, otherwise specified, portions, the ''trace'' is rendered as an orange ''oval,'' and the ␤-strands as yellow arrows. The helix that connects Cys-707 and Cys-697 is in light magenta; it connects via a helix and loop (both cyan) to the third ␤-strand of the ␤-sheet. The ''P-loop'' (blue) of the ADP binding site connects to the fourth strand of this ␤-sheet. The emplaced dibromobimane, shown as attached only to Cys-707, interacts with a helix and loop (both magenta) by steric and hydrophobic contacts. This picture was created from PDB code, 1 mmd, as MMD.ADP.BeF x. ADP placement was obtained by superimposition of the trace of MMD.ADP.BeF x on the trace of MMD.DBB. Sequence numbers are those of rabbit myosin. dibromobimane crosslink emplaced on myosin S1 in that, among these, Cys-522 is nearest to Cys-707. As shown in Fig. 2 , the insertion of the bimane crosslink is accompanied by a significant change in (CA-CA) distance between Cys-522 and Cys-707; before, it is 20.93 A; after, it is 10.94 A. This reduction is accomplished by an unwinding of the helix containing Cys-522 and a modification of the helix between Cys-697 and Cys-707. In Section 4, we report that the affinity of MgADP for myosin S1 is significantly reduced when either bimane reacts with Cys-707, and in Section 5, we report that also NMR signals from bound ADP are similarly altered by either bimane. Because monobromobimane cannot crosslink (for example, to Cys-522), we conclude that the reaction of either bimane with Cys-707 exerts an effect that is in some way transmitted to bound ADP. If the effect results in the partial destabilization of bound MgADP, it may resemble the effect of ''activators'' of ATPase, reagents that remotely reduce the time taken by the ''leaving'' reaction (ejection of product). What is the ''path of influence'' of such an effect? The Cohen work (6) suggests that the binding of ADP causes a partial unwinding of the 697-707 helix; one may speculate that, reciprocally (Fig. 3) , perturbation of the helix (or structures coupled to it) may destabilize bound ADP. In this latter direction, the path may be 707-697, to the third to fourth strands, to the P-loop, to the bound ADP. Emplacement of dibromobimane may initiate this path by changing the orientation of Cys-707 or by virtue of its interactions with the adjacent helix and loop (501-525). Alternatively, we may think of these interactions as inhibiting the unwinding of the 697-707 helix that accompanies ADP binding.
Kinetics and Thermal Dependence of Dibromobimane Crosslinking.
As already remarked, Burke's observation prompted us to examine why the crosslink of interest seemed impossible at 0°C. From the experimental behavior, we found it justifiable to simplify the system mathematically to d(Cys-707)/dt ϭ Ϫk 1 const ͑C o Ϫ Cys-707͒, and
we assume that dibromobimane is in excess over either thiol (C o ), and the reaction of Cys-707 is essentially complete before the reaction of Cys-522 has begun. Materials and Methods. S1 (0.5 mg͞ml) was incubated in the dark for various times by using a 4ϫ molar excess of dibromobimane. At desired times, aliquots were removed and quenched with 20 mM 2-mercaptoethanol. Each aliquot was divided into two parts. That for measuring the extent of labeling with dibromobimane was precipitated in trichloroacetate (to a final 5%). After a 15-min centrifugation at 3,500 ϫ g and repeated washing with acetone to remove unreacted dibromobimane, the pellet was redissolved with shaking in 2 ml of 2% sodium dodecylsulfate and 8 M urea buffered by 20 mM Tris, pH 7.5. The intensity of fluorescence of such an aliquot (excitation at 397 nm, emission at 463 nm) measured the dibromobimane bound to S1. That for measuring crosslinking extent was subjected to electrophoresis in 12.5% polyacrylamide gel containing 0.1% sodium dodecylsulfate; the intensity of the band migrating as 105 kDa measured the crosslinking extent. An important empiricism that we have experienced is that the extent of crosslinking of myosin S1 at all temperatures and in all preparations is incomplete and asymptotic to a level of about 60%. Fig. 4 A-B illustrates the kinetic behavior leading us to the simplifications cited above, and Fig.  5 illustrates the first-order behavior of the crosslinking reaction as a function of time. Fig. 6 , log k 2 vs. 1͞T, yields the ''heat of activation'' (as typically cited from the theory of absolute reaction rates) viz. ca. 8.4 kcal; no ''break'' in the vicinity of 15°C was found in this plot. Two significant findings emerge from these results: (i) the reaction of Cys-707 with dibromobimane has virtually no temperature dependence, and (ii) the 707-522 crosslinking reaction is extremely slow; the same (limited) extent of crosslinking is achieved at all reactions tested, however.
Equilibrium Dialysis of the MgADP-S1
, MgADP-S1.Dibromobimane, and MgADP.Monobromobimane Systems. Originally for the purpose of setting conditions for NMR experiments, subsequently also for strategic reasons, we undertook to measure the equilibrium constant for binding of MgADP to various systems at 0°C under the conditions we use in NMR studies (the only temperature at which it is feasible to apply the method to S1). The method that we used for these measurements is a variant of the original method (7) and assumes the ADP-S1 1:1 stoichiometry now well established by Lowey , v, vЉ, and V ϭ vЈ ϩ vЉ are in liters. From the foregoing equations, it follows that after the binding equilibrium is established,
All variables on the right-hand side are directly measurable, so K is determined. The binding constant measurements for native S1 were obtained by essentially the same technique used by Lowey and Luck with myosin but were not intended to reexamine their measurements (for example, our solvent conditions necessarily differed from theirs); however, it is evident that there is a quantitative similarity between the two results as regards the unmodified (''native'') samples.
Materials and Methods.
Because equilibrium dialysis experiments are long lasting (about 36 hr), we pretreated our proteins to eliminate trace contaminants (adenylate kinase, 5Ј-adenylic acid deaminase) by successive DEAE chromatography, passage through cellulose phosphate, eluted into 75 mM imidazole ϩ 250 mM KCl, pH 7.0, and precipitation by 60% saturation ammonium sulfate (see ref. 9). After ammonium sulfate treatment, proteins were desalted by using 2.6 cm ϫ 40 cm Sephadex G-25 columns equilibrated in the solvent (71 mM Pipes͞143 mM KCl͞7 mM MgCl 2 ͞0.14 mM EDTA͞2 mM NaN 3 , pH 7.0); subsequently, D 2 O was added, because it was also in NMR experiments (see below). In preliminary tests, proteins thus purified did not show significant conversion of ADP to AMP and IMP after 3-day incubations. The concentrations of proteins (as measured by the Bradford method) routinely used were 30-50 M, and the corresponding MgADP was in ca. 1.5 molar excess. Scienceware͞Bel-Art 1-ml cells were used. Spectra͞Por (Spectrum Laboratories, Laguna Hills, CA) membrane discs with a cutoff above 12-14 kDa were pretreated in 10 mM EDTA for 30 min at 60°C before use. A membrane was placed between each pair of half cells to separate compartments Ј and Љ, which were then filled initially with ''protein-only'' and ''ADP-only'' solutions, now containing also D 2 O to a final concentration of 30%; stirring magnetic minibars were included in each half cell before the assembly was sealed. Of the variables constituting K, [A] was measured spectrophotometrically; M o , A o , vЈ, and vЉ were measured gravimetrically on a microbalance after ascertaining the appropriate densities of the fluids micropipetted into the system. We believe the aggregate accuracy of these manipulations to be within 3% of the cited values. Multiple cells were incubated at 0°C for 36 hr with gentle stirring. No visible aggregation of proteins was observed. After dialysis, the cells were disassembled in a cold room, and samples from vЉ were drawn for measurement in a spectrophotometer at 259 nm, assuming a molar . Absorbances at 248.5 and 280 nm were also remeasured to check for protein leakages or conversions from ADP to AMP and IMP. Table 1 summarizes our results, which have been used to set some of the conditions in Section 5. Additionally, however, comparison of the K values obtained with dibromobimane-and monobromobimane-modified proteins suggests that they are about the same. Because monobromobimane cannot crosslink, this finding implies that the agency of change of binding constant, and perhaps of NMR signal (see below), is not crosslinking per se, but is probably a structural change induced in the Cys-707 region and transmitted to the binding site of MgADP in S1.
On the Phosphorus Resonance of ␤-Phosphate of S1-Bound MgADP.
Shriver and Sykes (11, 12) introduced the phosphorus resonance of S1-bound MgADP as a probe of the ADP-S1 relation, and the relation was reexamined more recently by Tanokura and Ebashi (13) . In both reports, the temperature dependence of the signal was studied. To our present application, however, the relevant temperature is 0°C. Unfortunately, the previous measurements at this temperature differ from one another and from what we have found. We believe, however, that our results yield a consistent view the ADP-S1 relation in different chemical derivatizations of S1.
Materials and Methods.
31 P measurements were made at the NMR Center of the Indiana University-Purdue University at Indianapolis (IUPUI) Department of Physics, at 121.4 MHz, by using a Varian UNITY-300 NMR spectrometer equipped with a high-stability variable temperature controller and a 10-mm broadband probe. Typical sample conditions (intended to resemble refs. 1-3) were myosin S1, 0. The parameters for each spectrum were: pulse width, 700; number of data points, 8, 192 ; sweep width, 7,500 Hz; recycle delay, 1.6 s; number of scans, 28,000-32,000; line broadening, 20 Hz. In this report, the temperature was 0°C. Fig. 7 presents the NMR observations pertinent to this paper. The central figure shows the 31 P-spectra of ADP interacting with myosin S1 (N, D, and M) in the presence of a reference substance, an adenylate kinase inhibitor, and Mg 2ϩ ions at 0°C, pH 7. In each myosin S1, we are especially concerned with a peak at about Ϫ2 ppm generated by the ␤-phosphate atoms of bound ADP and a peak at about Ϫ5 ppm generated by the same atoms of unbound ADP. Inset for each myosin S1 isolates and enlarges the Ϫ2-ppm peak. In N, we never found the broad but clear Ϫ2 ppm peak (cf. ref. 13 ) to have a doublet structure (cf. refs. 11, 12) but rather found it to have the symmetrical shape shown in the Inset. On the other hand, the shapes and areas of the peak are clearly different in D and M from what they are in N, suggesting that these differences mirror differences in S1-ADP affinities (Section 4). When the areas of the peaks are obtained by integration, we find that the ''bound'' area of N is about 20% greater than the ''bound'' area of either D or M; correspondingly, the ''unbound'' area of N is about 20% less than that of the ''unbound'' area of either D or M; moreover, the areas of D and M are negligibly different from one another. These results imply that we are properly accounting for all ADP. However, the agreement between the ratios of areas measured by NMR and the same ratios calculated from the equilibrium dialysis experiments (Section 4) is only semiquantitative (20% vs. 10%), probably because of the difference in the concentrations (one to two orders of magnitude higher in the NMR work) used in the two techniques.** Nevertheless, the NMR data, like the equilibrium dialysis data, indicate that the affinity of ADP for S1 is equally reduced when S1 is treated with either MBB (not crosslinked) or with DBB (crosslinked).
Conclusions and Discussion
Together with earlier work by us (1, 2) and by Morris Burke (4), the results of Section 1 can be taken to strengthen the conclusion that when the fluorescent crosslinker dibromobimane (3) reacts with myosin S1, it quickly reacts with Cys-707 and then relatively slowly with Cys-522 to form the crosslink. Emplacing such an easy-to-find crosslink may be useful in future applications, but two incidental results may have deeper meaning for understanding myosin. One is that the beautiful results provided by crystallography at one temperature (e.g., 4°C) must be combined with knowledge about thermal fluctuations to obtain an effective **The concentration difference may generate discrepancies in two ways. There is a difficulty in the measurement of the NMR peak areas, and also there is a difficulty in attempting to account for hydrolytic losses of ADP because of inadvertent catalytic contaminants existing at relatively high concentration under NMR conditions. The solvent is 50 mM Pipes͞100 mM KCl͞5 mM MgCl2͞0.1 mM EDTA͞0.1 mM EGTA͞2 mM NaN 3, in 30% D2O, pH 7.09 (at 0°C before adding D2O). or ''average'' structure at, say, physiological temperature. As discussed in Section 2, connecting points 23 A apart by using a span of only 8 A seems impossible. But the experiments of Section 3 show that it is possible and that the probability of doing so goes up with temperature in a very understandable way with a characteristic (8.4 kcal) that is very common. The second result to note is ''crosstalk'' between sites. It is well known that modification of Cys-707 affects ATPase. † † Section 4 reports changes in affinity for ADP when a bimane attaches to Cys-707 and Section 5 reports how a probe, the resonance of ␤-phosphate atoms on ADP directly, ''feels'' the attachment. In Section 3, we speculate about the likely ''path of influence'' whereby Cys-707 communicates with the environment of bound ADP. This second result is an effort to get at the nature of ''communication'' or ''allostery'' in myosin, that is, to understand such effects in quasimechanical terms. Neither of our central results is totally new; for example, the significant role of fluctuations in generating the ''effective structure'' of proteins has been outlined by Cooper (14) , and we and others have imagined ''paths of influence'' (15) in theorizing about chemomechanical transduction, but we hope that specific results, as in the present work, help to ''flesh out'' the more general ideas.
